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ABSTRACT 

Ca lcu la t ions  $ave been  made of the  r a d i a t i v e  e q u i l i -  
brium temperature s t r u c t u r e  of t h e  E a r t h ' s  mesosphere 
and l o w e r  thermosphere, taking i n t o  account solar u l t r a -  
v i o l e t  hea t ing  and cool ing  by CO and 03. 2 

For the eva lua t ion  of t h e  absorp t ion  of solar  energy, 
an equi l ibr ium d i s t r i b u t i o n  of O3 c o n s i s t e n t  with t h e  t e m -  
p e r a t u r e  s t r u c t u r e  w a s  ca l cu la t ed  f r o m  t he  basic photo- 
chemical equations.  

A " s t a t i s t i ca l "  band model which t akes  i n t o  account 
and Doppler broadening of the spectral l i n  
lin the determinat ion of the atmospheric 

transmzssions for both 15  CO and 9.6  p O3 bands. 

equi l ibr ium i n  the  15  ,J C02 band due to  v i b r a t i o n a l  re- 
l a x a t i o n  w a s  taken i n t o  account and the source func t ion  
i n  t h i s  band w a s  ca l cu la t ed  over a range of r e l a x a t i o n  
t i m e s  f r o m  10-6 sec to 1.5 x 10-5 sec. 

2 

The depa r tu re  from condi t ions  of local thermodynamic 

The r a d i a t i v e  eqriilibrium temperature c a l c u l a t i o n s  
r e s u l t  i n  a pronounced temperature minimum i n  t h e  v i c i n i t y  
of 80 k m 8  corresponding to  the  E a r t h ' s  mesopause. 

- 1 -  
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The temperature 

. I 

I. INTRODUCTION 

* 
structure of the Earth's atmosphere 

below about 55 km is well understood, The theoretical 

calculations of radiative equilibrium temperatures by 

Gowan (1947) have substantially explained the temperature 

features of this region, These investigations have shown 

that the observed temperature m a x i m u  or "mesopeak" in 

the vzcinity of the 50 km level can be attributed to the 

absorption of solar ultraviolet energy by ozone. 

Above the 55 km level, rocket observations indicate a 

decrease of temperature with height to a minimum of about 

180 K near 85 km with an increase again at higher altitudes. 0 

Although the formation of this temperature minimum or "meso- 

pause" should be explained in terms of the various physical 

and dynamic processes which occur at these levels, there has 

been no attempt to calculate theoretically the temperature 

structure of the higher atmosphere taking these processes 

in to account , 

Curtis and Goody (1956) have developed, in an elegant 

manner, the general equation of radiative transfer for a 

vibrationally relaxing gas and have used this formalism to 

calculate, for a known atmospheric structure, the cooling rates 

- 2 -  
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up to  the l e v e l  a t  which the  mixing r a t i o  of carbon dioxide 

i s  no longer  constan;. Young (1964) has adopted the basic 

t r a n s f e r  formalism of C u r t i s  and Goody i n  h i s  s tudy of the 

in f luence  of CO 

and mesosphere. 

on i n f r a r e d  t r a n s f e r  i n  the  s t r a t o s p h e r e  2 

I n  the present  s tudy,  a comprehensive t reatment  of the  

phys ica l  a spec t s  of the problem of the mesopause formation 

i s  made by consider ing the  rad ia t ive  t r a n s f e r  under l o w  

pressures ,  I n  the  h ighly  a t t enua ted  regions of the  atmos- 

phere,  "Lorentz" broadening of t h e  s p e c t r a l  l i n e s  w i l l  no t  

be s i g n i f i c a n t  as compared wi th  the "Doppler" broadening. 

Furthermore, i n  l o w  pressure  reg ions ,  molecular c o l l i s i o n s  

become so in f r equen t  t h a t  a Boltzmann d i s t r i b u t i o n  among 

t h e  energy l e v e l s  of the v ib ra t ion - ro t a t ion  t r a n s i t i o n s  

cannot exis t .  As a r e s u l t ,  t he  atmosphere does no t  r a d i a t e  

as i t  would under condi t ions  of local thermodynamic e q u i l i -  

brium (LTE!, a d  its eiiiissiwii propert ies  a'ir'fer r a d i c a i i y  

f r o m  the  "Planck" type of emission. Therefore, both Lorentz 

and Doppler broadening, as w e l l  a s  depar tures  from the  

cond i t ions  of LTE, must be taken i n t o  account i n  the  t reatment  

of the  r a d i a t i v e  t r a n s f e r  problem. 

- 3 -  
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I 11. RADIATIVE TRANSFER IN A VIBRATIONALLY RELAXING GAS 

The "temperatufe" of a gas  is  usua l ly  defined as the  

k i n e t i c  temperature or t h a t  associated with t r a n s l a t i o n a l  , 

motions of the  molecules. 

t h e s e  k i n e t i c  motions is  continuous and has  a Maxwellian 

The v e l o c i t y  d i s t r i b u t i o n  of 

I na tu re  up to  very great he ights  i n  the  atmosphere (Spi tzer ,  

1952) . Thus the  t r a n s l a t i o n a l  energ ies  are unquantized. 

Exc i t a t ion  to a v i b r a t i o n a l  or r o t a t i o n a l  state can occur 

as a r e s u l t  of e i t h e r  a molecular c o l l i s i o n  or absorpt ion of 

a quantum of energy. A l s o ,  de-exci ta t ion may r e s u l t  from 

c o l l i s i o n s  o r  emission of  a photon. 

and c o l l i s i o n s  are frequent,  t h e r e  is  a r ap id  exchange of 

energy between the  t r a n s l a t i o n  and v ibra t ion- ro ta t ion  modes. 

Under these  condi t ions,  the energy levels of the v i b r a t i o n a l  

and r o t a t i o n a l  states a r e  populated i n  a Boltzmann d i s t r i b u t i o n  

due t o  c o l l i s i o n s .  The gas then r a d i a t e s  according to Ki rchof f ' s  

l a w  and is s a i d  to be i n  local thermodynamic equilibrium. 

As pressure decreases ,  the c o l l i s i o n s  become less frequent  

When pressure is  high 

and t h e  t r a n s f e r  of energy between t r a n s l a t i o n s  and v ibra t ion-  

r o t a t i o n s  becomes less rapid.  The population of t h e  var ious 

energy levels is then determined by t h e  r a d i a t i v e  t r a n s i t i o n s  

- 4 -  
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ra ther  than by c o l l i s i o n a l  processes and so a Boltzmann 

d i s t r i b u t i o n  i s  n o t  necessa r i ly  obtained. The gas no longer 

obeys Kirchhoff ' s  law and a state of non-local thermodynamic 

equi l ibr ium (non-LTE) exists. 

Any exc i ted  state of a molecule has  a n a t u r a l  lifetime 

f o r  spontaneous de-exci ta t ion by a r a d i a t i v e  t r a n s i t i o n .  I f  

< -  

a de-excit ing co l l i s ion  does n o t  occur during t h i s  l i f e t i m e ,  

the energy involved i n  the  de-exci ta t ion w i l l  be l o s t  t o  the 

r a d i a t i o n  f i e l d .  A t  h igher  l e v e l s  i n  the  atmosphere the mean 

t i m e  between de-exci t ing c o l l i s i o n s  becomes longer than the  

spontaneous l i f e t i m e  of the  molecule. When t h i s  occurs ,  the 

gas is s a i d  t o  undergo "relaxat ion.  I' Under these condi t ions,  

when a photon wi th in  the  frequency range, A V ,  of an absorpt ion 

band is absorbed by a molecule, i t  w i l l ,  on the  average, be 

r e - e m i t t e d  without passing i n t o  the  k i n e t i c  energy of t r a n s -  

l a t i o n .  The atmosphere is then s a i d  to  be s c a t t e r i n g .  The 

s c a t t e r e d  photon w i l l  no t  necessa r i ly  have the same frequency 

and d i r e c t i o n  as the  inc iden t  photon, although i ts  frequency 

must remain wi th in  the  range AV , since energy balance need 

not apply a t  each ind iv idua l  frequency, bu t  only over t he  

band as a whole. 

- 5 -  



The 1 5  p C02 band is t h e  m o s t  important band f o r  the 

t r a n s f e r  of t h e  i n f r a r e d  energy i n  t h e  E a r t h ' s  atmosphere. 

CO 

which i t  i s  s i g n i f i c a n t l y  d i s soc ia t ed  by s o l a r  u l t r a v i o l e t  

a 

is uniformly mixed up to  a l t i t u d e s  of - 100 3cm above 2 

r ad ia t ion .  "Vibrat ional"  r e l axa t ion  occurs i n  t h i s  band a t  

a l t i t u d e s  where CO remains  undissociated.  "Rotat ional"  
2 

r e l a x a t i o n  of C02 i s  of  no importance s i n c e  a t  t he  a l t i t u d e s  

where such r e l axa t ion  could occur,  the  gas is l a r g e l y  d i s -  

sociated. 

The 15 p band is a c t u a l l y  composed of  a fundamental 

or "bending" mode of vibra t ion)  and several overtone and (v2 

combination bands; i n  all, four teen  i n  number. The v2 funda- 

mental  i s  by f a r  t h e  most i n t e n s e  band present ,  accounting 

for  about 90 percent  of the overall 15  p band i n t e n s i t y  (e.g. 

Y a m a m o t o  and Sasamori, 1958; and Madden, 1961). Ul t rasonic  

experiments which measure the r e l axa t ion  t i m e  r e s u l t  i n  es t i -  

m a t e s  of t h e  o rde r  of lo-' t o  

mental. 

bands i n  t h e  1 5  p region, however, cannot be in fe r r ed  from a 

knowledge of the  c h a r a c t e r i s t i c s  of  t he  fundamental alone. 

sec f o r  t h e  v2  funda- 

The behavior of the  var ious  overtone and combination 

I n  v i e w  of t h e  fact t h a t  t he  band i n t e n s i t i e s  of t he  

o t h e r  bands are much s m a l l e r ,  t h e i r  r a d i a t i v e  l i f e t i m e s  m u s t  

- 6 -  
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be propor t iona te ly  larger than the  l i f e t i m e  of the funda- 

mental. I f  i t  i s  assumed t h a t  their  v i b r a t i o n a l  r e l a x a t i o n  

t i m e s  are of an order comparable to  t ha t  of t h e  fundamental, 

then the o t h e r  bands i n  t h e  15  reg ion  w i l l  r e l a x  a t  much 
! 

higher  levels. One can t h e n  assume t h a t  these subs id i a ry  I 

bands fol low Ki rchhof f ' s  l a w  f a i r l y  w e l l  i n  t h e  reg ion  of the I 

atmosphere under cons idera t ion .  I 

However, the  con t r ibu t ion  of t h e  sub-bands t o  t h e  

r a d i a t e d  energy i s  propor t iona l  to  t h e i r  i n t e n s i t y  and would 

be q u i t e  s m a l l  as compared with the  con t r ibu t ion  of t h e  fun- 

damental. Therefore,  i t  is assumed i n  the p resen t  s tudy  

I 

I 

I 

I 
I 

t ha t  t h e  subs id i a ry  bands relax i n  the  same manner as the I 

fundamen t a l  - 
C u r t i s  and Goody (1956) have inves t iga t ed  the problem 1 1  

of r a d i a t i v e  t r a n s f e r  i n  a v i b r a t i o n a l l y  r e l ax ing  gas  i n  

d e t a i l  and have obtained the emission of t h e  gas, o r  "source 

func t ion" ,  under very l o w  pressures .  Their basic r a d i a t i v e  

t r a n s f e r  equat ion relates the n e t  f l u x  divergence to the 

d i f f e r e n c e  between absorbed and emit ted ene rg ie s  a t  any leve l :  

d l ' ' J ' e f z )  dydw = - I ( v , 0 , z ) n ( z ) k ( v , z ) d v d u ~  ss d s  

where the  symbols have the following meaning: 

- 7 -  



frequency of r a d i a t i o n  

s o l i d  angle  

zen i th  angle 

geometric path length (ds  = sec 8 dz)  

a l t i t u d e  

number of dens i ty  of absorbing molecules 

absorpt ion c o e f f i c i e n t  

Planck i n t e n s i t y  

source funct ion ( J ( ~ . z )  = B(,,,z)E/E) 

t o t a l  v i b r a t i o n a l  energy expressed i n  
number of quanta per u n i t  volume, 
(E = E under Boltzmann condi t ions)  

i n t e n s i t y  of r a d i a t i o n  

- 

F r o m  the  earlier d iscuss ion ,  J (v ,z)  i s  given by the  

Planck i n t e n s i t y  B ( v , z )  i n  the dense regions of the  a t -  

mosphere where c o l l i s i o n s  are numerous, while a t  higher  

l e v e l s ,  J (v ,z)  must be ca lcu la ted  from cons idera t ions  of 

the molecular c o l l i s i o n s  and r a d i a t i v e  t r a n s i t i o n s .  

Equation (1) determines the  rate a t  which energy is 

exchanged between the  v i b r a t i o n a l  levels and t h e  r a d i a t i o n  

f i e l d ,  I f  the  v i b r a t i o n a l  l e v e l s  are not  populated ac- 

cord ing  t o  Boltzmann's l a w ,  the rate of t r a n s f e r  be tween vib- 

r a t i o n a l  and t r a n s l a t i o n a l  energy by co l l i s ions  i s  given by: 

- 8 -  



- - -  dE E 
d t  h 

- (1 - E/:) 

where 1 is  t h e  r e l a x a t i o n  t i m e  f o r  t he  e n t i r e  15  u band 

which v a r i e s  i nve r se ly  with pressure.  Under s teady s t a t e  

condi t ions ,  t he  energy supplied t o  t h e  v i b r a t i o n a l  levels 

by c o l l i s i o n s  must be equal to the  energy lost  t o  the  rad ia-  

t i o n  f i e l d :  

.I .I d s  

= E (1 - E/:) 
?L 

When one is dea  ing  w i t h  the  h igher  levels of the atmosphere, 

the  magnitudes of t h e  var ious terms involved i n  equation ( 3 )  

warrant s o m e  consideration. 

can see t h a t  the  term sl  I ( e , z )n (z )k (v , z )dvdw depends s t rong ly  

on the emission c h a r a c t e r i s t i c  of t he  temperatures i n  the  

o p t i c a l l y  th i ck  l a y e r s  of t h e  lower atmosphere, while t he  

term .I f'r 0 1  J(v,z)n(z)k(V,z)dvduj  depends on the  l o c a l  tempera- 

tu re .  

From the r a d i a t i v e  t r a n s f e r  w e  

Only when t h e  l o c a l  temperature i s  much g r e a t e r  than  

the c h a r a c t e r i s t i c  temperature of the  inc ident  r a d i a t i o n  

can t h e  t e r m  . I  r f  . I (v ,B,z)n(z)k(v,z)dwdw be neglected i n  

comparison with . .  [ r  J ( ~ , z ) n ( z ) k ( v , z ) d v d u r .  

on ly  when 

This i s  poss ib le  

- 9 -  



o r  

1 E - B << B(z)  = 
2 e  E 

where Be is  t h e  e f f e c t i v e  emission of the  l o w e r  atmosphere, 

c h a r a c t e r i s t i c  of a temperature of 250 0 K. The f a c t o r  2 

i n  t h e  denominator on the  r i g h t  hand s i d e  of i n e q u a l i t y  (4) 

arises f r o m  the f a c t  t h a t  t he  inc iden t  r a d i a t i o n  o r i g i n a t e s  

a l m o s t . e n t i r e l y  b e l o w  the l aye r  under cons idera t ion  while 

the emission f r o m  the l a y e r  itself occurs i n  a l l  d i r e c t i o n s .  

Under these  condi t ions,  the r a d i a t i v e  t r a n s f e r  of the 

atmosphere may be neglected and the  f l u x  divergence (cool ing)  

i s  given by t h e  emission of the gas. From equation ( 3 )  the  

cool ing i s  also given by 

Furthermore , when we  have 

t h e  cool ing may be expressed as  E / l .  

I n  order  f o r  one t o  neglect  r a d i a t i v e  t r a n s f e r  and re- 

p re sen t  atmospheric cool ing by the  simple expression E/X t 

- 1.0 - 



i n e q u a l i t i e s  (4) and (6) r equ i r e  t h a t  

or 

2 B ( z )  >> B 
e 

Inequa l i ty  (7)  can  only be f u l f i l l e d  when very h o t  

reg ions  of  t h e  atmosphere such as t h e  thermosphere are considered. 

Thus, r a d i a t i v e  t r a n s f e r  i n  t h e  atmosphere i n  the 15  ~1 band 

cannot be ignored u n t i l  very h o t  levels are reached. 

C u r t i s  and Goody (1956) have shown t h a t  if Ov, t h e  

band width,  is  narrow, then J (v ,z )  w i l l  have the same 

dependence on frequency as B ( v , z )  and w i l l  be i s o t r o p i c .  

F r o m  t h e i r  development i t  is poss ib l e  t o  derive the  equat ion 

where is the  r a d i a t i v e  l i f e t i m e .  This  expression gives 

t h e  na ture  of t h e  source funct ion fo r  a v i b r a t i o n a l l y  

r e l a x i n g  gas. 

- 11 - 



111. RADIATIVE EOUILIBRIUM UNDER NON-LTE CONDITIONS 

6 

When a source of hea t ing  ou t s ide  the  frequency range 1\v 

i s  present ,  the  i n f r a r e d  f l u x  divergence must be equal to 

the energy ga in  f r o m  t h i s  source i n  order  for  r a d i a t i v e  

equi l ibr ium condi t ions  t o  exist. I n  t h e  Earth ' s  atmosphere 

b e l o w  100 km, the p r i n c i p a l  hea t  source i s  the  solar  u l t r a -  

v i o l e t  energy Q ( z )  absorbed by oxygen and ozone. Then, 

4 

The source func t ion  under these  condi t ions is  given by 

This equation suggests  t h a t  t he  gas,  when i t  i s  re lax ing ,  

does not  r a d i a t e  with a Planck i n t e n s i t y  i n  t h e  band, b u t  

only as a f r a c t i o n  of B ( v , z ) ,  t he  f r a c t i o n  being given 

by t h e  term i n  bracke ts ,  

d i r e c t l y  r e l a t e d  to the  Planck function. 

Thus the  source funct ion i s  

- 12 - 
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I n  order  to  obtain t h e  radiat ive equi l ibr ium 

temperature f o r  a given layer ,  t h e  absorbed s o l a r  energy 

p lus  the absorbed i n f r a r e d  energy must be balanced by t h e  

4 

emission of t h e  layer:  

(12) 
It is  clear f r o m  t h i s  equation, t h a t  i n  t h e  absence of solar 

hea t ing  (or any source of energy ou t s ide  the  range Av) the  

atmosphere w i l l  eventua l ly  reach a s ta te  of LTE, r ega rd le s s  

of the  frequency of c o l l i s i o n s .  Thus fa r  no cons idera t ion  

has  been given to  the presence of  any r a d i a t i n g  gas o t h e r  than 

CO alone. 2 

I n  the  E a r t h ' s  atmosphere, both 0 and w a t e r  vapor are 3 

presen t  as i n f r a f r e d  t r a n s f e r  agents.  H 0, of course,  is  2 

t h e  main c o n s t i t u e n t  responsible  f o r  t he  i n f r a r e d  t r a n s f e r  

i n  the  troposphere,  bu t  above - 20 k m  i n  the  s t r a tosphe re  and 

- 13 - 



mesosphere, i t s  concentrat ion 

H 0 as a mechanism of energy 

the  s t r a tosphe re  a t  about 30 

2 
I 

s i g n i f i c a n t  as t r a n s f e r  agen 

becomes so l o w  t h a t  t h e  r o l e  of 

t ranspor t  can be neglected.  In  

?un both CO and 0 are equal ly  

.s. Above 30 km the  opac i ty  of 

0 decreases  more r a p i d l y  with he igh t ,  so t h a t  i n  the upper 

' atmosphere, r a d i a t i v e  t r a n s f e r  i s  s t rong ly  con t ro l l ed  by CO 

2 3 

3 

2' 

The exac t  form which the equation of energy balance (equa- 

t i o n  ( 1 2 ) )  would take i f  0 t r a n s f e r  w e r e  i m p o r t a n t  is  somewhat m o r e  

complicated. However ,  i t  i s  possible  t o  r e t a i n  equation (12) 

and y e t  include the 0 r a d i a t i v e  t r a n s f e r  provided t h a t  the 

3 

3 

O3 i t se l f  does n o t  r e l a x  a t  l e v e l s  where its con t r ibu t ion  to  

the  i n f r a r e d  t r a n s f e r  i s  s i g n i f i c a n t .  A t  l o w e r  l e v e l s  i n  

t h e  atmosphere w h e r e  the  O3 i n f r a r e d  energy t r a n s f e r  is l a r g e ,  

is s m a l l  and equation (12)  A 
Q 

the  value of t h e  parameter 

has  the  cha rac t e r  of LTE conditions.  Inc lus ion  of 0 i n f r a r e d  

t r a n s f e r  is permissible  i n  t h i s  region. A b o v e  the  l e v e l  

3 

il i 

becomes equal  t o  - 0.1 , the  A 
Cp 

where t h e  va lue  of 

concent ra t ion  of 0 has  so diminished t h a t  i t s  energy con t r i -  

bu t ion  to the  i n f r a r e d  t r a n s f e r  i s  less than about 5 percent 

3 

of the  CO con t r ibu t ion  and so i t  can be included i n  so lv ing  2 

equat ion (12)  with good accuracy. 
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IV, TRANSMIS~S~JON RY A Lj)REN TZ AND DO PPLER B ROADEN ED JiINE 

I The width and shgpe of an  absorp t ion  l i n e  is influenced 

by c o l l i s i o n a l  or "Lorentz" broadening and by "Doppler" 

broadening a r i s i n g  from the  motion of the  molecules. "Natural" 

broadening, which occurs as a r e s u l t  of r a d i a t i o n  d&ping is 

! 
i 

1 
comparatively small and can be neglected f o r  s t u d i e s  of ra- 

d i a t i v e  t r a n s f e r  i n  p lane tary  atmospheres, 

The r e l a t i v e  importance of Lorentz and Doppler broadening 

depends on t h e  region of t h e  atmosphere under cons idera t ion ,  

I n  the  o p t i c a l l y  th i ck  l a y e r s  of the  l o w e r  atmosphere, where li I ' 

c o l l i s i o n s  are f requent ,  l i n e  broadening is predominantly 

Lorentz i n  charac te r .  

t h e  Doppler broadening i s  important, while a t  in te rmedia te  

he igh t s ,  a combination of both Lorentz and Doppler e f f e c t s  

are present .  

absorp t ion  c o e f f i c i e n t  over  a spectral l i n e  which takes both 

Fkncmena i n t o  account is given by 

A t  very high levels, on the  o t h e r  hand, 

A genera l  expression f o r  t he  v a r i a t i o n  of the  
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Here, the symbols have the meaning: 

S total line intensity 

U molecular velocity 

central frequency of line 
vO 

C speed of light 

% Lorentz half-width of line 

Doppler half-width of line =D 

For small values of the parameter a = - &L Harris 
&D 

(1948) has expressed this integral as a power series in at 

with coefficients H- which are tabulated as functions of 1 

the parameter v = 

=D 

This formulation was used to evaluate k for a < 0.5. 
V 

a spectral interval is 

d + -  
f 2aD (1 - e-(- kvu)dv -32 

d A =  

- -  d 
*=D 

! 

' 11 I ' '  
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I 

w h e r e  

. 

where d i s  t h e  mean l i n e  spacing and u is t h e  o p t i c a l  path. 

m a t i o n  (15) can be solved numerically by s u b s t i t u t i n g -  
* 

t h e  tabula ted  func t ions  H i n  equat ion (14) for kv. i 
Van der H e l d  (1931) has shown t h a t  for values  of a > 1, 

I t  the mean f r a c t i o n a l  absorpt ion for a s p e c t r a l  i n t e r v a l  is 

c l o s e l y  approximated by t h e  Ladenburg-Reiche (1913) formula: 

and Io and I 

one and of imaginary argument, 

are t h e  Bessel func t ions  of  order ze ro  and 1 

The t w o  equat ions (15) and (16) g ive  the  f r a c t i o n a l  

absorp t ion  due t o  one spectral l i n e ,  When w i d e  enough 

spectral i n t e r v a l s  cons i s t ing  of large number of l i n e s  are 

considered,  t he  transmission and absorp t ion  of a gas can 

be represented by any one of seve ra l  band models. H e r e  we 

have adopted a %tat  i s t i c a l '  band model i n  which the mean 

l i n e  spacing is he ld  constant  throughout t h e  band, while 

- 17 - 



the  l i n e  i n t e n s i t y  is  allowed to vary f r o m  i n t e r v a l  to 

i n t e r v a l  wi th in  the  bar@. So, i f  t he  mean l i n e  spacing d 

for the  whole band and mean l i n e  i n t e n s i t y  S for each one 

of the spectral i n t e r v a l s  within t h e  band are known, t h e  

average t ransmission or absorpt ion for each one of t h e  

spectral i n t e r v a l s  can be ca lcu la t ed  f r o m  equat ions (15) 

and (16). 
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v. TRAN SMISSION FUNCTION S FOR 15 I * I  =Q+-Q3- 

The 15  cI CO band was divided i n t o  s i x  wave number in -  
2 

tervals of 50 an-' w/dth from 550  cm-' to 850 an-'. The' 

Lorentz half-width a,., of t h e  l i n e s  i n  this band is given as 

0.064 cm-' by Kaplan and Eggers (1956) for a temperature of 

0 298 K and a pressure  of one atmosphere. Yamamoto and 

Sasamori (1958) have used a mean l i n e  spacing d of 1.55 cm 

i n  t h e i r  c a l c u l a t i o n  of t h e  absorpt ion of t h i s  band. Thus, 

-1 

a value  of t h e  parameter 8 is determined as 0.24. With 

t h i s  knowledge of the magnitude of 8 ,  another  parameter, 

, was deduced for the  var ious  wavenumber i n t e r v a l s  S - 
2nU, 

& 

f r o m  the transmission tables of S t u l l ,  Wyatt and P l a s s  (1963). 

This  parameter is  tabula ted  i n  Table I A .  
i '  

The 9.6 cI O3 band was t r e a t e d  as one wavenumber i n t e r -  

-1 -1 
V a l  extending from 990 cm to 1090 an , Plass (1960) had 

made an a n a l y s i s  of t h e  9.6 p O3 band area measurements by 

Walshaw (1957) and so had evaluated the  parameters B and 

- --- fnr t h i s  band. It  was  found t h a t  t h e  values  obtained 
&a, 

LA 

by P l a s s  can reproduce the  band area as measured by 

Walshaw quite accura t e ly  and so they w e r e  adopted i n  our  

inves t iga t ion .  The Lorentz half-width of the  spectral l i n e s  

i n  t h e  9.6 II O3 band i s  given by Goody (1964) as 0.076 an-* 

11 I ' 
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1 

a t  293O K and 1000 mb.  

and d can be obtained* (Table IB). 

Using t h i s  value,  t h e  q u a n t i t i e s  S 
I 

The value of t h e  Doppler h a l f  width orl) a t  a temperature 
0 

of 225 K w a s  used i n  these  ca lcu la t ions .  A t  t h i s  tempera- 

t u r e ,  

the  9.6 ,, O3 band, 

-1 for t h e  15 ct C02 band is 6.5 x 

-1 

an and for aD 
is 9 . 5  x low4 cm 

Using these  va lues  of t h e  var ious band parameters the 

. =D 

I I f r a c t i o n a l  absorpt ion i s  ca l cu la t ed  f r o m  equat ions (15) and 

(16) f o r  d i f f e r e n t  pa th  lengths  and pressures .  The absorpt ion 

thus obtained for t h e  15 u C02 and 9.6 p O3 bands i s  p l o t t e d  

! 

I i 

as a func t ion  of 2nax as shown i n  Figures  1 and 2. I n  

t hese  f igu res ,  l i n e s  of constant  values  of t h e  parameter c( 

are shown. Each of these  l i n e s  corresponds to  a l i n e  of 

cons t an t  pressure i f  t h e  temperature remains unchanged. It 

i s  i n t e r e s t i n g  t o  note  that under l o w  pressures  (small (I ) 

t h e  absorp t ion  i s  mainly d u e  to t h e  Doppler broadening and, 

very slowly u n t i l  t h e  w i n g s  of t h e  absorpt ion l i n e s  gradual ly  

' begin to  absorb. Then the  absorpt ion inc reases  i n  square 

root fash ion  with path length  u n t i l  the  l e v e l  of s a t u r a t i o n  

i s  reached. 
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The numerical procedure involved i n  t h e  c a l c u l a t i o n  of 

t he  f r a c t i o n a l  absorp t ion  55 ou t l ined  above is q u i t e  lengthy. 

A l s o ,  the  eva lua t ion  of  a r a d i a t i v e  equi l ibr ium temperature 

r e q u i r e s  t h i s  procedure to be repeated innumerable times, 

I n  the  i n t e r e s t s  of economy, an expedient  method w a s  developed 

for the  eva lua t ion  of f o r  a given atmospheric path. From 

each of Figures  1 and 2, a table w a s  cons t ruc t ed  of the  va lues  

of 'A: as a func t ion  of 2nax a n d &  , These tables w e r e  

used to ob ta in  the  va lue  of for any d e s i r e d  path i n  t h e  

atmosphere by a s u i t a b l e  i n t e r p o l a t i o n  scheme. 

I n  t h e  c a l c u l a t i o n  of atmospheric t ransmissions over 

long path l eng ths ,  t h e  v a r i a t i o n  of pressure  and temperature 

along t h e  path may be s i g n i f i c a n t .  P re s su re  may vary by 

s e v e r a l  orders of magnitude, b u t  t he  temperature changes 

w i l l  be much smaller. The temperature v a r i a t i o n  of t h e  l i n e  

i n t e n s i t y  and Lorentz and Doppler l i n e  widths has not  been 

included i n  t h i s  s tudy,  s ince  i n  t h e  reg ions  of t he  atmos- 

phere undier csnoi4eratka the rz~ge of temperature is not 

large. 

The parameter a was ca lcu la t ed  f o r  any desired path 

l eng th  i n  t h e  atmosphere using the  weighting procedure . . 

developed by C u r t i s  (1952) and Godson (1953)- 
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. '  I 
I 

VI. METHaDo F SOLUTIOly 
I 

1 
f 
j 

With the  boundary condi t ions  of zero downward f l u x  of. 

i n f r a r e d  energy at thea top  of the atmosphere ZH, and a blackbody 

su r face  a t  t he  ground 2 0 the  basic equation of r a d i a t i v e  t rans-  
0 

1' fer (equation 1) can be solved to yield a t  any l e v e l  2 

I -  the  upward and downward i n t e n s i t i e s ,  I t (v,6,z1) and I 4 ( V , e , z  ) 1 

respec t ive ly :  

"1 

 ere T(,,,e,l z1 -21 ) r ep resen t s  the transmission of t he  at-  

mosphere a t  frequency and zeni th  angle  8 between l e v e l s  

1: z and z 

Consider a t h i n  slab of geometric thickness  bz centered 

I 

' a t  t h e  l e v e l  z (Figure 3 ) .  The upward directed energy a t  1 
t h e  level z - ( 41; ) which is absorbed by t h e  slab, A t  (62) , 

1 

is obtained f r o m  the  expression ' 111 I 

- 22 - 
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The i n t e g r a t i o n  w i t h  r e spec t  t o  frequency is made over 
t h e  15  C02 band and the  9.6 03 band. 

, Of t he  energy t r a v e l l i n g  i n  a downward d i r e c t i o n ,  t he  
amount absorbed by t he  slab is 

The to ta l  f l u x  of energy emi t ted  by the  slab i n  a l l  

d i r e c t i o n s  under LTE condi t ions,  R ( ~ z ) ,  depends on t h e  

mean temperature of t h e  slab, here taken to  be the  t e m p e r a -  

t u r e  of t h e  level zl: 

The mean solar energy absorbed pe r  u n i t  area per u n i t  

t i m e  Q ( $ z )  i n  the u l t r a v i o l e t  and visible regions by 

oxygen and ozone is  obtained f r o m  t h e  same q u a n t i t a t i v e  

procedure used i n  an earlier work by t h e  same authors  

:,ar*h;\kara and Hogan, 1965) with t w o  exceptions.  H e r e ,  a. 

c o r r e c t i o n  to t h e  molecular oxygen concentrat ion w a s  in- 

cluded to account for t h e  photodissociat ion which is  

s i g n i f i c a n t  a t  high a l t i t u d e s  i n  the  E a r t h ' s  atmosphere. 

A l s o  the e f f i c i e n c y  of the  0 photodissociat ion process w a s  2 
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considered using the quantum e f f i c i ency  factors deduced 

by Leovy (1964). I t  is  assumed i n  t h i s  t reatment ,  t h a t  

t h e  sun is  i n  the e q u a t o r i a l  plane and t h a t  t h e  mean solar  

energy absorbed is  h a l f  of the solar energy absorbed during 
8 

t h e  s u n l i t  p a r t  of t h e  day. 

For any given layer of the atmosphere, under radiative 

equi l ibr ium condi t ions,  the t o t a l  absorbed energy i n  t h e  I 

i n f r a r e d ,  v is ible  and u l t r a v i o l e t  must be balanced by t h e  I 

to ta l  emi t ted  energy. 

Equations (10) and (12) w e r e  r e w r i t t e n  then as 

The s o l u t i o n  for an equi l ibr ium temperature s t r u c t u r e  

w a s  obtained numerically f r o m  these equat ions by an itera- 

t ive procedure as follows. 

w a s  d iv ided  i n t o  50 layers of equal geometric thickness .  

The atmosphere b e l o w  100 km 

?!. arbitzsry initial atiiicspherir- stxucture w a s  s p e c i f i e d  

and the atmosphere w a s  assumed to be i n  LTE throughout.  

From t h i s  s t r u c t u r e ,  Q(6z),A(zl),A (62)  and A (62) w e r e  t 1 

c a l c u l a t e d  and R(6z) obtained d i r e c t l y  f r o m  equation (24 ) .  

The h e i g h t  d i s t r i b u t i o n  of R(62) determined a new d i s t r i b u t i o n  of 
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temperature which was then used to evaluate the source 

function J (v ,z l )  

so obtained were used to solve equation (24) for a new tem- 

perature structure. This procedure was repeated until an 

equilibrium temperature structure was obtained satisfying 

the convergence criterion that the temperature at any level 

vary no more than 0.1 K in two successive iterations. 

from equation (23). The values of J(v ,Z  
s 1 

0 

Thus, a temperature, pressure and density stratification 

of the atmosphere consistent with the source functions and 

absorbed solar energy was obtained. 
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V I 1  . RESULTS 

Calculat ions of t h e  temperature s t r u c t u r e  of t h e  Earthe's  

atmosphere have been m a B e  up to an a l t i t u d e  of 100 km as- 

suming a cons tan t  mixing r a t io  for CO 

A v e r t i c a l  d i s t r i b u t i o n  of 0 

t u r e  and dens i ty  s t ra t i f ica t ion  w a s  generated photochemically. 

The temperature of the Ear th ' s  su r f ace  was assumed to 

K with atmospheric temperatures decreasing a t  a 

(3 x lom4 by volume). 
2 

cons i s t en t  wi th  the tempera- 3 

0 be 285 

rate of 6.5 OK/km up  to 10.5 km. 

atmosphere was  assumed to be isothermal a t  a temperature of 

216.7 OK. 

Between 10.5 and 19 km the 

It w a s  necessary to f i x  the temperature s t r u c t u r e  of 

the  l o w e r  atmosphere i n  this way s i n c e  the  presence of H 0 

w a s  n o t  e x p l i c i t l y  taken i n t o  account i n  t h i s  ca lcu la t ion .  

A l s o ,  thermal convection contrds the teiiipzrature s t r u c t u r e  

of t h e  troposphere,  so t h a t  i n  order to incorpora te  the  

e s s e n t i a l  temperature f e a t u r e s  of t h i s  region,  a standa.rd 

atmosphere was adopted up t o  an a l t i t u d e  of 19 k-~-  

procedure led  to  small d i s c o n t i n u i t i e s  i n  temperature 

2 

This 

0 
' (N 1 K - 2 OK) immediately above 19 Ian. These d i s c o n t i n u i t i e s  

w e r e  smoothed ou t  for  presenta t ion  i n  t h e  f igures .  

The effective emission leaving t h i s  f ixed  region of 
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the  atmosphere i n  the  9.6 

“window”, w a s  taken t o  be 75% of  the  emission of  t he  s u r f a c e  

i n  t h i s  s p e c t r a l  i n t e r v a l .  W i t h  t he se  c o n s t r a i n t s  on the 

O3 band, which lies i n  the  H 0 
2 

atmospheric s t r u c t u r e  below 20 km, r a d i a t i v e  equi l ibr ium 

temperatures w e r e  ca l cu la t ed  for the  upper l aye r s .  

The v i b r a t i o n a l  r e l axa t ion  l i f e t i m e  a t  atmospheric 

-5 -6 pressure  A was varied between 1.5 x 10  sec and 10 sec. 

A value  of L5 x lo-’ sec w a s  used by Cur t i s  and Goody (1956). 

0 

Severa l  experimental determinations of  t he  r e l a x a t i o n  t i m e  

(see, for example, Herzfeld and L i t o v i t z ,  1959; Lamber t ,  

1962) g ive  va lues  between 10 and 10  sec. It  ap- -5 -6 

pea r s  t h a t  t he  presence of H 0 i n  trace q u a n t i t i e s  is 

s u f f i c i e n t  to decrease t h i s  time s i g n i f i c a n t l y  due to a 

2 

s t r o n g  c a t a l y t i c  e f f e c t ,  so i t  is f e l t  t h a t  r e p r e s e n t a t i v e  

values  of this parameter are mere l i k e l y  to be 10 sec. -6 

The temperature  s t r u c t u r e s  obtained as shown i n  Figures  

4 through 6 are i n  good genera l  agreement with the  observed 

s e r v a t i o n s  made a t  F t .  Churchi l l  and White Sands M i s s i l e  

Range (Groves, 1964). The best agreement is  found for a 

va lue  of 1 = 10 sec which appears to be a good estimate -6 
0 

for this parameter. The r e s u l t s  show t h e  usua l  temperature 
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maximum appearing near  t he  50 km level due to s t rong  s o l a r  

hea t ing  b~ 03. A b o v e  this a l t i t u d e ,  t he  solar ene rgypb-  

sorbed per u n i t  vo%ume decrea'ses g e n e r a l l y  i n  propor t i on  

to  the  d e n s i t y  (Figures  4 through 6 ) .  However, t he  

opac i ty  of C02 does not  vary with the  d e n s i t y  i n  the same 

way. The Doppler broadening of  t he  s p e c t r a l  l i n e s  becomes 

important i n  the  l o w  pressure  regions and, as a consequence, 

the  opac i ty  of C02 (per 2 km l a y e r )  decreases m o r e  slowly 

w i t h  he igh t  than does the  pressure or  dens i ty ,  as can be 

i n f e r r e d  from Figures  4 through 6. Thereby, t h e  cool ing 

in f luence  of CO decreases  with a l t i t u d e  a t  a s l o w e r  rate 
2 

than the  solar heat ing.  The ne t  r e s u l t  is a decrease of 

tempera ture  with height  up to  the  v i c i n i t y  of the  80 km 

level. I n  t h i s  reg ion ,  the col l is ional  l i f e t i m e  becomes 

2' longer than t h e  r a d i a t i v e  deac t iva t ion  l i f e t i m e  for Cii 

so t h a t  above t h i s  l e v e l ,  t he  e f f i c i e n c y  of C02 to r a d i a t e  

i s  g r e a t l y  diminished, The s o l a r  energy absorbed then re- 

ga ins  c o n t r o l  of the  temperature s t r u c t u r e ,  srid tcnpratures 

i nc rease  again with a l t i t u d e .  

I n  F igures  4 through 6, t he  terrestrial r a d i a t i o n  ab- 

sorbed by C02 and 0 

t h e  solar r a d i a t i o n  absorbed by O2 and 03. 

i n  a 2 km l a y e r  is given along with 

The relative 

3 
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importance of CO and 0 as i n f r a red  transferring agents  
2 3 

i s  revealed by comparison of t h e  i n f r a r e d  energies absorbed 

by these cons t i t uen t s ,  It  can be seen t h a t  0 and CO are 3 2 

of comparable importance i n  the atmosphere near  30 km,  

but  above and b e l o w  t h i s  l e v e l  0 i n f r a r e d  t r a n s f e r  can 

be neglected,  S imi la r ly ,  t he  reg ion  of temperature m a x i m u m  
3 

i n  a l l  th ree  cases is seen to be a t  a l t i t u d e s  where the  

solar u l t r a v i o l e t  energy absorbed is l a r g e r  than t h e  i n f r a -  

r e d  energy absorbed by C02- 

due to t h e  predominance of s o l a r  hea t ing  a t  these  levels. 

Fur ther ,  as ind ica ted  i n  the figures, t h e  i n f r a r e d  energy 

This pronounced maximum is 

absorbed by C02 is  larger by n e a r l y  an order  of magnitude 

than t h e  solar energy absorbed near t he  t o p  of t h e  models. 

However, t he  solar energy goes u l t ima te ly  i n t o  t h e  k i n e t i c  

energy of t h e  molecules, while only a p a r t  of the  i n f r a r e d  

energy absorbed appears i n  the form of k i n e t i c  energy, the  

rest being los t  by r a d i a t i v e  cascades. The p r o b a b i l i t y  of 

cascading inc reases  with height ,  so that near the tcg of 

t h e  atmosphere, the  absorption of solar energy is t h e  main 

source  of t h e  molecular k i n e t i c  energ ies  and exerts a 

s t r o n g  c o n t r o l  on the temperature s t r u c t u r e .  

The v a r i a t i o n  of the r a t i o  of t he  source funct ion  to 
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. 
b 

the Planck func t ion  (J/B) with a l t i t u d e  for the  th ree  cases 

considered i s  shown i n  Table 11. 

f o r  large values  of 1 

a t  a l t i t u d e s  i n  the  v i c i n i t y  of 30 km, w h i l e  for s m a l l e r  

As one might a n t i c i p a t e ,  

the ra t io  J/B departs from u n i t y  
0 

t h i s  depar ture  occurs a t  higher  l e v e l s .  It  is  seen 

t h a t  a v a r i a t i o n  of  A by a factor of 15  r e s u l t s  i n  a 

change of the  J/3 ratio near t he  top of the atmosphere by only  

0 

a factor of 2. This  again demonstrates the  importance of ' I l l  ' 

t h e  i n f r a r e d  t r a n s f e r  emphasized i n  s e c t i o n  11. 

The most s i g n i f i c a n t  f e a t u r e  of t h e  temperature s t ruc -  

t u r e s  ca l cu la t ed  is t h e  temperature minimum appearing in t he  

80  - 85 km region. 

t h a t  observed i n  the E a r t h ' s  atmosphere with regard t o  i t s  

a l t i t u d e  and magnitude of temperature. It appears from 

these c a l c u l a t i o n s  t h a t  the  genera l  s t r u c t u r e  of the  atmos- 

phere i n  the s t ra tosphere ,  mesosphere and l o w e r  thermosphere 

is b a s i c a l l y  governed by radiat ive t r a n s f e r ,  with dynamic 

effects being of secondary importance, though not  negl ig ib le .  

This minimum corresponds very w e l l  with 
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VII. LIMITATIONS 

Nei ther  the, conduction process nor the cool ing by t he  

magnetic d i p o l e  t r a n s i t i o n s  between the  components of the  

3 P state of atomic oxygen ( B a t e s ,  1951) have been included 

i n  these  c a l c u l a t i o n s ,  Harris and P r i e s t e r  (1962) have ' I l l  4 

made estimates of t h e  conductive f l u x  of energy a t  these  

l e v e l s .  W e  f i n d  t h a t  such estimates of  f l u x  y i e l d  f l u x  

divergences of  t h e  order of 10 e r g  per 2 k m  l aye r .  The -2 

magnitude of the  atomic oxygen cool ing w a s  found to  be 

a l s o  about lo-* erg per 2 km l ayer .  Since both conduction 

and atomic oxygen cooling involve ene rg ie s  of  the order  of  

e r g  per 2 km l a y e r ,  w h i l e  O2 and O3 heat ing  i n  the  

s o l a r  u l t r a v i o l e t  involves energ ies  100 t i m e s  l a r g e r ,  both 

of these processes w e r e  neglected as being unimportant 

mechanisms of energy t r anspor t  i n  t h e  l a y e r s  of the  atmos- 

phere under cons idera t ion ,  

Atmospheric cooling by the  OH airglow may be a some- 

w h a t  more important phenomenon a t  these  levels, the  t o t a l  

energy radiated by a 20 km l a y e r  being 

(Chamberlain, 1961). The d i s t r i b u t i o n  of OH molecules 

shows a peak i n  the  v i c i n i t y  of t h e  meospause (Packer, 1961; 

2 10 ergs/cm sec 
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Wallace, 1962) and r a p i d l y  decreases above and below t h i s  

1 -  

l eve l .  The magnitude of the  radiated energy a t  the  m a x i m u m  

may be s i g n i f i c a n t '  as compared with the  absorbed solar 

energy at t h i s  level. Such radiative loss would l o w e r  t h e  

mesopause temperature f r o m  the values  obtained he re  by 

0 10 K. 

A l s o  of importance may be t h e  cool ing e f f e c t s  of O3 

which could inc rease  markedly i n  concent ra t ion  during the  

n igh t  a t  levels abetwen 50 and 7 0  km (Leovy, 1964; Hunt, 

1965). The scheme developed he re  (equation ( 1 2 ) )  a p p l i e s  

on ly  when C02 is t h e  dominant i n f r a r e d  t r a n s f e r r i n g  agent  

i n  the  high reg ions  of the  atmosphere. I f  0 g a i n s  a com- 

parable  importance a t  these levels, the  use of the  basic 

equat ions employed cannot be j u s t i f i e d .  

3 

A crude estimate 

of t he  cool ing  effects of t h e  night t ime increase  i n  ozone 

by a f a c t o r  of cy 50 near 60km i n d i c a t e s  t h a t  t he  mean tem- 

pe ra tu re s  a t  this level would be lowered by H 20 OK. 

Needless to say,  t h e  dynamics of  t h e  atmosphere w i l l  

exert a very large inf luence  on t h e  temperatures a t  these  

l e v e l s ,  enhancing cooling i n  the  summer hemisphere and 

warming i n  t h e  win ter  hemisphere (Murgatroyd and Singleton,  

1961) . 
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Despite these limitations, however, these calculations 

are suff ic ient ly  r e a l i s t i c  t o  demonstrate tha t  the meso- 

pause appear8 due to the radiative transfer process. 
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